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摘暋要暋暋文章作者在植物光谱识别的基础上提出了一种能够识别不同绿色植物的新颖光电子技术.该项技术运用

于可见至近红外波段,在实验室环境和农田环境下,可以成功地采集和分析目标的光谱数据,对不同品种的绿色植物

实施了精确识别.该项研究是由跨学科的西澳大利亚微光电子系统中心有限公司(theWesternAustralianCentreof
ExcellenceforMicroPhotonicSystems,PtyLtd,)和中国大恒集团公司共同研究完成的,其目标是开发国际上首台野

草传感器,使得除草剂的使用定位精确,既可显著提高作物的产量,又可节约80%除草剂,更重要的是保护环境,节约

用水,对于农业和生态都有重要意义.
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1暋引言

至今,田间除草的基本方法还是在耕作周期不

同时段定期施洒除草剂.为了保护环境,保护消费者

的食品安全,降低农业成本,增加投入产出,有必要

对农业中化学制剂的使用加以严格的评估.
近十年来,一些农业创新得到发展,定点施洒除

草剂的技术得到应用,从而遏制了在农田中滥用化学

药品的现象.先进的电子监测系统和传统的农业机械

设备的结合对于实现更多的农业收成来说显然是一

条可行的途径,通过精确细致地现场监控田园中的土

壤、湿度、营养和其他条件的变化,可以恰当控制种

子、化肥和水的用量,这就是“精细农业暠的概念.
然而,一旦当传统农机以常规速度行进时,无法

精确、实时识别不同的植物,所谓精细农业的目标就

难以实现.图1为实时野草监控和除草剂喷洒系统

示意图,该系统监测某类野草,一旦探测到该类野

草,就将控制信号传给除草剂喷洒系统.

典型绿叶的反射光谱如图1(b)所示,通常在图

像中测量植物指数(VI),根据土壤和植物在红光和

近红外谱段的差别把植物和土壤区分开(“green
frombrown暠).这里的植物指数(VI)被定义为近红

外光(800nm)和红光(650nm)反射率之比[1,2].植

物的 VI指数高于土壤.市场上,主要以 VI指数为

主的产品有 Ntech公司的野草控制系统 Weedseek灢
er及Detectspray[3].

尽管实时的对植物和土壤的区分(“greenfrom
brown暠)探测可能因将除草剂仅仅喷洒在植物上而

大量减少除草剂的使用,但仅使用两种波长仍然无

法把混杂在农作物中的野草全部鉴别出来.对野草

和作物进行航空拍摄和测量的结果进行多光谱分析

表明[4],为了鉴别5种已知的野草,如果使用3个不

同波段波长的反射光谱进行分析,综合鉴别精度达

到56%;使用7个波长达到72%;使用13个波长达

到90%;使用22个波长则达到98%.类似地,为了
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图1暋 (a)野草实时监控和喷洒原理;(b)典型绿叶反射光谱

鉴别6种野草,使用3,7,13和22种不同波长的鉴

别效果分别为48%,81%,87%和90%;识别精度的

快速提升取决于前10到15个波段.上述结果仅依

赖于反射光谱.为了满足鉴别野草的需求,我们在产

业界的合作伙伴 WeedControlAustralia(WCA)根
据上述原理开发了一系列样机,目前它已发展成为

该技术的前沿.
该样机的传感组件装在农机喷洒设备上,离地

面的高度不到1m.该设备仅使用两种波长,根据反

射光谱,它能把绿色植物从土壤和植物的断茬中鉴

别出来(“greenfrombrown暠),使其针对绿色植物

实施喷洒作业,而不是全面积喷洒.然而如上所述,
仅仅使用两种波长,还不能分辨不同的绿色植物.利
用航空和卫星遥感平台进行多波长识别的成本太

高,显然并不适用于陆地上的野草识别.
于是,在满足高精度使用要求的前提下,人们开

始寻求一种商业上可行的陆基(on灢ground)快速识

别“引擎暠.陆基识别引擎可以应用人工光源、调制信

号、特定波长和叶片尺寸检测等附加技术,是对航摄

多光谱分析的延拓.
至今为止的技术只能把绿叶从土壤中识别出来

(“greenfrombrown暠),却没有一种商品化技术能

将野草从周围的农作物中分辨出来,从而只对野草

喷洒除草剂.一旦上述目标能够实现,相对于非喷洒

作物的增产将达到30%,且对除草剂的节约也将达

到80%.人们期望因产量提高带来的盈利获益远远

超过在除草剂成本上的节约;这两者的结合将会使

每公顷毛利率翻倍.
本文介绍一种创新技术,通过将探测光信号波

长增至3个或更多个,来提高对植物的辨别能力.我
们同时还将根据反射光的响应,证明技术上有可能

实现对不同绿色植物的区分(“greenfromgreen暠).
该项特殊技术还可用于控制道路旁、小径边、铁

道、城市和堤岸的野草,以及各种需要对杂草进行选

择控制的场合.利用该项光电野草识别技术,必将提

高农业的收成并具有其他效益,调查表明,这项技术

在国际市场上具有巨大的潜在需求.

2暋光子传感引擎

特殊光子野草传感引擎如图2(a)所示,它集成

了两个光腔,一个 N 波段激光列阵,一个波分复用

系统(WDM),两个准直镜,一个光电探测列阵,一
个成像透镜,以及一个控制器(包括驱动电路和信息

处理器),来对不同绿色植物的光谱响应进行鉴别,
以实 现 对 不 同 绿 色 植 物 的 区 分 (“greenfrom
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green暠).只要对硬件略加改造,系统就能容纳十余

个不同波长的信号.
系统中的激光被扩束、准直到4mm 直径,经过

波分复用手续,射入光腔.光腔上下表面分别镀

100%全反射膜和90%分光膜,在每个光腔中输入

的准直激光束在腔的上下表面多次反射,每次射到

下表面时约有10%的能量透过表面照射被测目标

区域.总共有14束激光从光腔射出,相邻两束激光

的间距为15mm,空间分辨率比传统的野草探测系

统高得多,用此方法可以检测窄叶草.
3-激光束模块如图2(b)所示,利用多波段分

光膜技术,可使3束激光在空间合成一束.图3表示

多束激光利用多波段膜在输出表面合成的新颖设

计,它构成野草识别系统的基本模块.激光束照射样

品形成的多个光斑的反射光由1024个像素的线阵

CCD记录,每个像素的工作面积为14毺m暳14毺m.
CCD的分辨率为12bit,行频高达68kHz.成像传感

器前的一个C接口的镜头的孔径和焦距可调,将反

射像聚焦在像素工作面上.

图2暋 (a)野草检测特异光子图;(b)多波长激光束合成图

图4所示为典型反射光光强数据,成像传感器

以数字形式记录下的14束光斑在背景屏上的投影.
运用平方峰值拟合法,就可确定极大值的强度,然后

运用植物鉴别算法.该算法的计算精度不及高斯拟

合,不过后者需要非线性回归运算.平方峰值拟合的

结果如图4右上角小图所示.

图3暋特异光腔,激光束整合于光腔内

图4暋成像传感器记录的14束光斑照在背景屏上的光强轮廓

图,右上角小图显示3个峰的光强平方峰值

这一特殊技术通过探测植物生物特性的细致变

化,对植物进行分类鉴别.植物的生物特性在一天的

不同时刻都在发生变化,并影响反射光的强度值.数
据采集系统使图像采集器与激光排序同步,而激光

排序是按照所要求的频率(波长)来进行的,即每个

半导体激光器按照给定的频率顺序开关,在对应于

某个波长的激光器开启一段时间以后,图像采集器

采出一桢图形,包含了被照射植物或土壤的光斑所

反射的光强剖面图.每一光斑对应的峰值强度,用于

计算对应的光谱特征,如果该特征和预先记录的野

草的特征(又称该野草的光谱“指纹暠)相符,就发出

“启动暠信号给喷洒系统.图5为上述操作的流程图.
上述步骤通过软件触发启动,构成一个采集周期.

图2(a)所示的光子野草识别系统具有一些新

颖的特征,包括:
(1)大量的激光成像光斑,导致空间分辨率远高

于传统的使用LED(lightemitlingdiode)的系统;
(2)系统对于光学元件的不同轴性要求不高,

因为所有波长的信号是重合的,通过光腔中的多光

谱全反射,发射光束是彼此平行的;
(3)利用单个激光器辐射的某一波长的激光产

生多个光斑,简化了硬件结构,降低了成本;
(4)通过直接、简单的方式就可扩展到更多的
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图5暋单个采集周期流程图.这一周期要求农机车辆必须行进一

段,使投影光斑直径达到4mm,这样做是为了保证采集到的三

帧中的每一帧都来自于与植物和土壤对应的空间点

波长(图3).
运用上述光电子野草鉴别系统具有以下许多优

点:
(1)定域喷洒系统的商品化,必然带来显著的

经济效益;
(2)减少除草剂的使用量:由于除草剂根据野

草的密度精确地实时、定域喷洒使用,可节约除草剂

使用量的80%,因为除草剂仅仅喷洒在野草密度较

大处,这将直接节约农民的成本.据估计,仅在澳大

利亚,一年的除草剂就花掉10亿澳元.我们估算过,
采用本项技术将在很大程度上节约除草剂的费用.

(3)增加农作物的收成:大面积使用除草剂也

将使农作物减产30%,从而精细喷洒除草剂必将改

善未使用除草剂地块的农作物产量,据估计,由此产

生的收入增长要大于使用农药的支出.此外,根据光

谱识别方法,精细使用除草剂的观念也可扩展到精

细使用化肥和其他无机物,比如健康的庄稼的光谱

特征有别于营养失调的病态庄稼.
(4)特别有害野草的探测:本技术是一些特别

有害的野草的唯一探测方法,例如skeletonweed,
由于这种野草,仅西澳大利亚一个州每年就减产

5亿澳元.
(5)除草剂的抗药性的解决方案:与除草剂抗

药性的斗争是另一项花费,GRDC估计,根据不同的

作物,每公顷大约花费30到100澳元.精细喷洒可

周期性地采用不同的(通常是十分昂贵,以公升计)
的除草剂,从而有效地减轻了除草剂的抗药性.

(6)对于州、郡的经济利益:该项技术后对于不

同的农作物和不同杂草都有识别的功效,因此还可

用于识别及控制路边小径、机场和灌渠边的杂草.
(7)出口需求:本技术还有很大的潜在出口市

场,特别是北美和欧洲.欧洲国家都在积极寻求合理

使用除草剂的解决方案,丹麦起到了带头作用.这些

国家除草剂的支出约为澳大利亚的20倍.
(8)农产品出口:某些化学品残留量很低的农

产品,即所谓的有机食品,常常会在出口时得到价格

补贴.欧盟对于与转基因农作物和食品污染物有关

的质量问题也非常敏感.
(9)节约用水:与目前的设备相比,精细喷洒必

将减少水的消耗,并减少喷淋装置的配备使用.根据

试验地块的研究,假定野草所占面积为 20%,每

1000公顷节约用水量高达35,000公升.
(10)减少污染:减少使用除草剂,必将降低化

学品对于土壤、河流和地下水的污染.
(11)饮用水:除草剂对地下水资源的污染在欧

洲和北美是一个越来越严重的问题,特别是当地下

水是饮用水源.
(12)生态平衡:例如,澳大利亚大堡礁的生态

环境因除草剂的使用而承受着很大的压力.
(13)改善土壤品质:由于减少使用除草剂,土

壤的品质持续改善.
(14)有利于健康:由于减少了农作物中除草剂

的含量,将必然提高农作物的品质,并有利于民众的

健康.
(15)可持续发展:上述优点是该项技术具有高

度可持续发展的特点,有利于持续改善和合理利用

自然资源.

3暋识别方法

我们利用三种不同波长反射光的强度及其斜率

来鉴别野草.斜率S1和S2 分别定义为

S1=R635-R670

毸635-毸670
暋, (1)

S2=R785-R670

毸785-毸670
暋, (2)

其 中 毸n 为 半 导 体 激 光 的 波 长,单 位 为 nm,

R毸=I毸/P毸为反射率,其中I毸 为图2所示曲线的峰

值强度,P毸 为光学系统测出的每个光斑的功率,由
(2)式定义的归一化差分“植被指数暠(NDVI)被用

来鉴别土壤和绿叶:

NDVI=R785-R670

R785+R670
暋. (3)

对于所有的绿色植物,图1(b)所示曲线的“红端暠都
非常陡峭(即曲线峰区位于红光波段的斜率非常

大),而大 NDVI值正是绿色植物区别于土壤和其
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图6暋(a)四种植物和土壤的光谱反应曲线;(b)四种植物的平均斜率

他目标的特征.

4暋结果和讨论

在实验室中用四种植物的样本来验证原理样

机,分别是白鹤芋(Spathiphyllum,别名苞叶芋),
山菅兰(Dianella),天竺葵(Pelargonium)和花叶万

年青(Dieffenbachia).选择这四种植物,是由于它们

都适合在室内环境生长.采用市售的 CCD光谱仪,
可以测得它们的光谱特征,如图6(a)所示.特定波

长选为 635nm,670nm 和 785nm,理由如下:在

550—675nm 以及675—785nm 两个区间内,这些样

本的光谱曲线都有较大的斜率;在这些波长范围内

都有所要求的半导体激光器件供应.
每种植物的斜率S1、S2 可以由(1—3)式求出,

采用任意单位,参阅图6(b),每种植物至少有一个

斜率的值与其他品种不同,因而是可识别的.所得结

果的标准差[5]如图7所示.显然,不同植物的斜率

S1和S2 不存在同时交叠的情况,表明这些植物是

完全可以鉴别的.测量的总误差来源于成像传感器

的暗电流以及激光功率的波动.

图7暋四种植物的S1和S2 斜率平均标准差

为了模拟农业机械的行进,对在转台上安置叶片

的样品,以静态和平均7km/h到22km/h的线速度进

行测量,图8给出3cm宽的白鹤芋(Spathiphyllum)叶
片被4种激光照射,距离野草传感器的距离分别为

58cm,69cm 和80cm 情况下S1,S2 和 NDVI的所有

计算值.每个数据都是4种激光进行10次测量的平

均值.测量值的变化主要是由于测量时图像传感器和

激光功率的波动引起的.
结果表明,在7km/h和22km/h的模拟速度

下,相对于样品叶片距离的不同,S1,S2 和 NDVI
的变化不大.相对于传感器在一定范围内距离的连

续变化是由同一平面内的激光模块和图像传感器模
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图8暋对于白鹤芋(Spathiphyllum),在静态、每小时7km、每小

时22km 的线速度下测出的S1,S2 和 NDVI在不同测量距离的

平均值.S1和S2的值由左边的纵坐标表示,NDVI由右边的纵坐

标表示.圆圈表明测量距离为58cm,黑色三角形表明测量距离

为69cm,方块表明测量距离为80cm

块来实现的.本系统目前的指标为:最小测量叶片的

宽度为3cm,行进速度为每小时22km.
如果将控制系统换成嵌入式硬件,叶片宽度可

减小为6mm,行进速度则可提升至每小时36km.前
期的静态试验结果表明[6],野草传感系统能够对有

限的绿色植物进行识别.这些能力使得野草传感系

统能够装在农业机械车上对植物进行识别.
如果增加其他波长的激光,则可以改进野草传感

器的识别能力.本装置的空间限制了激光器的数量,但
这一点可以由增大图像探测器的帧频来弥补.将激光

器数量增至5个,仍可测量6mm宽度的叶片.

5暋未来的进展

本文所描述的光子野草识别引擎已在实验室的环

境中演示了植物的识别和野草监控.为了使该系统最

终用于农田现场,目前正在由中国大恒集团公司更新

设计,并充分考虑现场环境下的恶劣条件,例如振动、
撞击、高温、潮湿和粉尘.图9给出激光模块和图像探

测系统的新设计,在机械设计上考虑了粗调、精调和固

紧装置,以便一般农技人员能够使用常规的测试方法

装调本系统.我们对激光束的交叉覆盖、各激光束功率

的一致性、激光束和线性图像探测器的调校进行了实

验和测试,以保障系统在冲击、机械振动、温度变化的

情况下仍能正常工作.初步结果表明,野草探测引擎能

够可靠、稳定地进行植物识别和野草监控.今后我们将

继续报告野草和作物的田间识别结果.

6暋结论

我们报告了一种三波长的光子野草识别引擎,

图9暋(a)激光模块使用的是栙635nm 激光器,栚670nm 激光

器,栛785nm 激光器以及栜激光光束耦合调整架;(b)成像传感

器选用线阵CCD

发展了一种新的植物识别模型.由自由空间光腔合

成器件以及半导体激光器光学组件辐射的准直激光

束阵列,用于照明各种植物,通过测定三个波长的两

段光谱曲线的斜率以及 NDVI,可将绿色植物从土

壤和其他绿色和非绿色目标和野草中鉴别出来.如
果组合更多半导体激光器,增加波长,可以获得关于

植物和野草更详细的光学信息.
通过对于行进速度高达每小时22km 的农机的

模拟实验,证明系统可在以上速度范围内,对不同的

测试距离实现对于土壤和绿色植物的识别.今后进

一步的工作是,致力于研发更加稳定、可靠、耐用的

结构组件,改进图像传感器件的性能,改善和加强野

草识别的精度和性能.

致谢暋本研究工作得到澳大利亚研究协会和光子探测

系统 公 司(AustralianResearchCouncilandPhotonic
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KavehSahba博士在光谱测量方面对我们的帮助.
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附录:《鉴别野草和农作物的特异光电子引擎》原文

Novelphotonicsensorenginefordiscrimination
anddetectionofweedsandcrops
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Abstract暋暋Inthispaper,wepresentanovelphotonicsensorenginethatenablesfarmerstodifferenti灢
ategreenplantsonefromanother(“greenfromgreen暠)basedonspectralplant“fingerprinting暠.This
advancedphotonicsensorengineoperatesinthevisibletoinfra灢redwavelengthrangeandenablesthe
captureandanalysisofspectraldataforaccuratediscriminationanddetectionofweedsandcropinlabora灢
toryconditionsaswellasinthefield.Thesensorisdevelopedthroughcloseinterdisciplinaryresearch
collaborationbetweentheWesternAustralianCentreofExcellenceforMicroPhotonicSystems,Photonics
DetectionSystem,PtyLtd,Australia,andChinaDahengGroup,China.Theoutcomeofthiscollabora灢
tionisthedevelopmentofworld灢firstweedsensorsthatenablesite灢specificapplicationofherbicides,

leadingtoasignificantimprovementincrop yield,substantialherbicidesavingsofupto80%,

environmentalbenefits,lesswaterusage,andsignificantimprovementstoprofitabilityintheagricultural
andothersectors.
Keywords暋暋remotesensing,precisionagriculture,photonics,integratedsystems,electronics
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1.暋Introduction

Themostwidelyusedpracticeinweedcontrolis
stillthesprayingofherbicidesatdifferenttimesinthe
cultivationcycle.Environmentalconcernforimproved
consumersafetyand moreprotectionoftheenviron灢
mentaswellastheincreaseinfarmcostsanddecrease
returnsforproducehaveledtoacriticalevaluationof
theuseofchemicalsinagriculture.

Overthepast10years,somehighlyinnovative
farmingpracticeshaveemerged,enablingsite灢specific
applicationofherbicides,hencelimitingandcontrolling
theuseofagro灢chemicals.Technicallyadvancedelec灢
tronic monitoring systems coupled with traditional
farmingequipmenthave madeitpossibletoachieve

greaterfarmprofitabilitybymicro灢managingthevaria灢
bilityofapaddock暞ssoil,moistureandnutrients,

whichmeansthedeliveryofjusttherightamountsof
seed,fertiliser,herbicideorwateraccordingtovarying
soilandotherconditions.Thisfarmingmethodisre灢
ferredtoas“precisionagriculture暠.

Theabilitytoaccuratelyidentifyand/ordifferenti灢
ateplantsinrealtimeandatcommonoperatingspeeds
hasbeenasignificantmissingcomponentoftheenab灢
lingtechnologiesthatmakeup“precisionagriculture暠.
Figure1showstheprincipleofareal灢timeweedmoni灢
toringandsprayingsystemthatdetects “individual暠

weedsand passescontrolsignalsforsprayingonly
whenweedsaredetected.
暋暋Atypicalreflectancespectrumofagreenleafis
showninFigure1(b).Thespectraldifferencesbe灢
tweensoilandplantatredandNIRwavelengthshave
beenusedtodetectgreenplantsandtoseparateplants
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Figure1.暋(a)Principleofrealtimeweedmonitoringandspraying;(b)typicalgreenleafreflectancespectrum

fromsoil(“greenfrombrown暠)inimagesbymeasur灢
ingthevegetationindex(VI),definedastheratioof
thereflectionatNIR wavelengths(800nm)toreflec灢
tionatredwavelengths(650nm)[1,2].TheVIishigh
forgreenplantsandlowforsoil.Commercial,VI灢
basedweedcontrolsystemsincludeWeedseekerbyNt灢
echIndustriesandDetectspraysystems[3].

Althoughon灢line “greenfrom brown暠detection
canleadtoasubstantialreductioninherbicideuseby
sprayingonvegetationonly,theuseofonlytwowave灢
lengthscannotdiscriminatebetweengreenplantswith
reliability,thisbeingwhatisrequiredwhenweedsex灢
istamongstcrops.Hyperspectralanalysisofweedsand
cropshasbeencarriedoutfromanaerialplatform [4],and
resultsshowthatforclassifying5predetermined weed
species,theoverallaccuraciesincreasedfrom 56% for
3bandsto72%for7bands,90%for13bands,and98%
for22bands.Similarly,forclassifying6cropspecies,the
overallaccuraciesincreasedfrom48%forthe3bandsto
81%for7bands,87% for13bands,and90% for22
bands.Theswiftincreaseinaccuracywithadditionof
wavebandsislimitedtofirst10to15wavebands.These
resultsreliedonreflectedlightonly.Inaddressingthis
need,collaborativeindustrypartner,WeedControlAus灢

traliahasdevelopedaseriesofprototypesculminatingin
thecurrentdesign.

The current prototype uses sensor modules
mountedonagriculturalsprayequipmentlessthan1m
aboveground.Itonlyusestwowavelengths,andhas
thecapacitytodifferentiategreenplantsfromsoilor
stubblebasedonspectralresponse,allowingprecise
sprayingofgreenplantsonly,“greenfrombrown暠,as
opposedtosprayingentireareas.However,differenti灢
ationbetweengreenplantsisnotpossiblewithonly
twowavelengths.Whilstplant “fingerprinting暠has
beenachievedfromaerialorsatelliteplatformsusing
multiple wavelengths,these methodsareextremely
expensiveandnotapplicableforuseinaterrestrial
sensingapplicationtoallowsprayingofweedsinreal
time.

Thechallengeistoachievethishighlevelofaccu灢
racywithanon灢groundsensorenginethatisfastand
commerciallyviable.Groundbasedsensingcanaug灢
mentthetechniquesusedinaerialhyperspectralanaly灢
sisby usingadditionaltechniquessuchasartificial
light,modulatedsignals,specificwavebandsandleaf
size.

Although some products can discriminate and
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spraygreenplants(“greenfrombrown暠),nocommer灢
cialproductsareavailabletodaytoaccuratelydiscrimi灢
nateweedsfromsurroundingcropsandsprayjustthe
weeds.Previousresearchindicatesthatyieldimprove灢
mentsareinsomecircumstancesupto30% overthe
non灢sprayedcrops,inadditiontotheherbicidesavings
ofupto80%.Theprofitabilityimprovementsfromthe
higheryieldisexpectedtofarexceedtheherbicidesav灢
ings,andthecombinedeffectcoulddoublegrossprofit
perhectare.

Inthispaper,wediscussanovelapproachtothe
improvementofvegetationdifferentiationthroughthe
increaseofthenumberof wavelengthstothreeor
more,anddemonstratethatitistechnicallypossibleto
achievethisdifferentiationbasedondifferentspectral
responses.(“greenfromgreen暠)

Thiscoretechnologycanbeusedtocontrolweeds
inothermarketssuchasroadsideverges,footpaths,

railways,inmunicipalitiesandshiresandallsituations
requiring selective weed management. Thus the
utilisationofthenovelphotonicweedsensingarchitec灢
turewillresultinsignificantimprovementstoprofit灢
abilityinagriculturalandothersectors.Marketre灢
searchdemonstratesthatcommercialisationpotential
existsworldwide.

2.暋Photonicsensorengine

Thenovelphotonic weedsensingarchitecture,

showninFigure2(a),integratestwoopticalcavities,

anN灢bandlaserarray,aWDMcombiner,twocollima灢
tors,aphotodetectorarray,animaginglens,anda
controllerthatincludesanelectronicdriverandapro灢
cessingunittodifferentiategreenplantsfromonean灢
otherusingdifferencesinspectralresponse (“green
fromgreen暠).Thearchitecturecanscaletotensof
wavelengthswithaslightmodificationinhardware.

Thelasersourcesarecombinedandcollimatedat
around4mmdiameterandthecollimatedWDMbeams
arelaunchedintotheopticalcavity,whoseupperand
lowersidesarecoatedwitha100% reflectioncoating
andhigh灢reflectioncoating(around90%),respective灢
ly.Withineachopticalcavity,theinputcollimated
opticalbeamundergoesmultiplereflectionsandevery
timeithitsthehigh灢reflectionside,asmallfraction

(around10%)ofitspoweristransmittedtoilluminate
aspotinthemonitoredarea.Throughmultiplereflec灢
tionswiththecavities,14spotsataspatialresolution
of15mmaregenerated,leadingtohigherspatialreso灢
lutionincomparisontoconventionalweeddetection
systems.This beam resolution allowsdetection of
plants which are narrow leaved,such as skeleton
weeds.

Figure2.暋(a)Novelphotonicarchitectureforweeddetection;

(b)principleofmulti灢laserwavelengthcombination

Anexampleofa3灢lasermoduleisshowninFigure
2(b),wheremultibandthin灢filmcoatingsareusedto
combinethecollimatedlaserbeams.Fig.3showsa
novelcavityutilisingmultibandthin灢filmcoatingsand
integratinglasersourcesofdifferentwavelengthsonto
itsoutersurface.Thisrepresentsacompactsolution
thatenablesmodularisationoftheweedsensorstruc灢
ture.Theintensityofthereflectedlightfromthesam灢
pleilluminatedbythemulti灢spotbeamgeneratorisre灢
cordedbyalinescan1,024灢pixelimagesensor,each
pixelhasanactiveareaof14毺m暳14毺m.Theimage
sensorhas12灢bitresolutionandcanoperateataline
rateofupto68kHz.Theimagesensorisattachedto
anappropriateC灢mountlensofadjustableapertureand
focusthatimagesthereflectedlightfromtheillumi灢
natedsampleonthesensorplane.

Figure4showstypicalreflectedopticalintensity
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Figure3.暋Novelopticalcavity,wherethelasersareintegrated

ontotheopticalcavity

datarecordedbytheimagesensorindigitalnumbers
(DN)for14spotsprojectedontoabackgroundscreen.
Asthelocalmaximaofeachpeakfluctuates,aquad灢
raticpeakfittingmethodisappliedtoeachpeaktode灢
terminethemaximumintensitywhichisthenusedin
theplantdiscriminationalgorithm.Thismethodisless
computationallyintensivethanGaussianfittingwhich
requiresnon灢linearregression.Theresultofquadratic
fittingisshownintheinsetinFigure4.

Figure4.暋Intensityprofileof14spotsilluminatingaback灢

groundscreenrecordedbyimagesensor.Insetshowsquadratic

fittingofmeasuredintensityprofileforthreepeaks

Noveldataprocessingalgorithmshavebeendevel灢
opedforplantclassificationanddiscriminationtaking
intoaccounttheeverychangingplantphonologywhich
canvarybetweenthehoursofadayandaffectthere灢
flectance intensity readings. The data acquisition
processusesthesynchronizationoftheimageframe
grabbingandthelasersequencing.Thelasersequen灢
cingiscommencedatadesiredfrequency(i.e.eachdi灢
odeisturnedonandoffinsequenceatanappropriate
frequency).Afterthedesiredwavelengthfromaspe灢
cificlaserhasbeenturnedon,theimagesensorgrabsa
singleframecontainingtheintensityprofileofthespot
arrayfallingontheplantorsoilunderinspection.The

peakintensityvalueofeachspotisextractedandused
forcalculatingthespectralcharacteristics.Ifthisopti灢
calsignature matchesthatofapre灢recorded weed,

thenan“on暠signalissenttothesprayingunit.Alogic
flowdiagramdescribingthisprocessisshowninFigure
5.Thesestepsformoneacquisitioncycleandarestar灢
tedatonceusingasoftwaretrigger.

Figure5.暋Flowchartforasingleacquisitioncycle.Thiscycle

mustbecompleted beforethefarming vehicle hastraveled

4mm———thespotdiameteroftheprojectedbeam.Thisistoen灢
sureeachofthethreeframesgrabbedisfromthesamespatial

pointsontheplantorsoil

Thephotonicweedsensingarchitectureshownin
Figure2(a)hasanumberofnovelfeatures,including:

(1)Alargenumberoflaserspotsareimaged,

leadingto muchenhancedspatialresolutionascom灢
paredtoexistingweedsensorswhichuselightemitting
diode(LED)illumination.

(2)Thesystemisimmunetoopticalcomponent
misalignment,asitkeepsallopticalwavelengthsover灢
lappedandtheopticalspotsparalleltooneanother
throughtotalreflectionandmulti灢bandopticalcoating
withintheopticalcavities.

(3)Asinglelasersource (ratherthan multiple
sources)isusedtogenerate multiplespotsforeach
wavelength,providingalowcostandcompressedhard灢
waresolution.

(4)Itcanbescaledto many wavelengthsby
straightforwardmodification(Figure3).

Theadoptionofthephotonic weedsensor will
havenumerousbenefits,including:

(1)Economicbenefitsexpectedfrom successful
developmentofcommercialproductsoverandabove
blanketsprayingaspercurrentpractices.

(2)Reductioninherbicideusage———Weedsdetec灢
tedcanbeprecisionspotsprayed,inrealtime,saving
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insomeapplicationsupto80%oftheherbicideapplied
dependingontheweeddensity———adirectcostsaving
tothefarmer.Forexample,itisestimatedthat
$1billionisspentperannumonherbicidesinAustralia
alone.Widescaleadoptionofthetechnology would
meansignificantsavingsonherbicideexpenditure.

(3)Increasedcropyield———Assomepost灢emer灢
gentherbicidesreducecropyieldbyasmuchas30%,

precisionweedsprayingwillresultinimprovedyields
ontheunsprayedcrop.Thegrower暞sincomeinsome
situationsmayincreaseby morethantheentireex灢
penditureonpesticides.Inaddition,preciseapplication
offertilisersthroughtheuseofspectraldiscrimination
leadstotheimprovementinyieldsbyprecisionman灢
agementofotherinputs,suchasfertilisersandminer灢
als.Forinstance,ahealthyplanthasadifferentspec灢
tralcharacteristicfrom astressed or malnourished
plantofthesamespecies.

(4)Particularnoxious weeddetection———This
technologyistheonlyautomaticdetectiontechnology
availableforparticularnoxious weeds,suchasthe
skeletonweed,whichcostswesternAustraliangrain
growersaround$500Mperannum.

(5)Solutiontoherbicideresistance———Combating
herbicideresistanceisanexpensiveadditionalcost(GRDC
estimate$30-$100perhectaredependingonthecrop)

forthefarmingindustry.Precisionsprayingallowsperiod灢
icuseofadifferentandusuallymoreexpensiveherbicide
(perlitre)tobeusedsparingly,thuseconomicallykilling
theherbicideresistantstrains.

(6)Economicbenefitsfor municipalandshire
councils———Thecostsavingswillapplytomanydiffer灢
entcropandweedsituationsinagricultureandalsoin
otherareas,suchasroadsidevergesandfootpathsfor
municipalandshirecouncils,weedcontrolofairports,

irrigationchannelsetc.
(7)Exportpotential———Thetechnologyhaspo灢

tentialforexportespeciallytoNorthAmericaandEu灢
rope.TheEUcountriesareactivelyseekingsolutions
toherbicide usageissues (Denmark hasaleading
role).Theherbicideexpenditureinthosecontinentsa灢
mountsto20timesthatofAustralia.

(8)Exportofcrops———Someagriculturalprod灢
uctswithlowexposuretochemicalsareknowntoat灢
tractapricepremium (eg.organicfood),especiallyin

exportmarkets.ThequalityoffoodinrelationtoGM
cropsandfoodcontaminantsareparticularlysensitive
issuesintheEU.

(9)Watersavings———Precisionsprayingresults
inreducedwaterconsumptionandfewerwaterrefill
stopscomparedtocurrentpractices.Studiesonthe
Patchentechnologyshowthatupto35,000litresof
watercanbesavedper1000hectaressprayedbasedon
20% weedcoverage.

(10)Pollutionreduction———Reductionofherbi灢
cideusewillreducethelevelsofthesechemicalsinthe
soil,riversandgroundwater.

(11)Freshwater———Groundwaterherbicidecon灢
taminationisagrowingprobleminEuropeandNorth
America,especiallyifthewaterisusedfordrinking.

(12)Ecologicalbalance———Forexample,Aus灢
tralia暞sGreatBarrierReefisrepresentativeofaneco灢
systemunderpressurefromherbiciderunoff.

(13)Improvedsoilhealth———byreducingapplica灢
tionofherbicides.

(14)Healthbenefits———Reducingherbicideuse
oncropswillresultinimprovedqualityofthecropand
tohealthbenefitsforthegeneralpopulation.

(15)Sustainability———Theabovebenefitspoint
tothetechnology暞sveryhigh“sustainability暠creden灢
tialsandwillsupporttheimprovementofsustainable
naturalresourcemanagement.

3.暋Discriminationmethod

Weeddiscriminationisbasedondeterminingthe
intensitiesaswellastheslopesinthereflectanceatthe
threewavelengthsused.Thetwoslopevalues,S1and
S2,aredefinedas:

S1 =R635 -R670

毸635 -毸670
暋, (1)

S2 =R785 -R670

毸785 -毸670
暋, (2)

where毸nisthewavelengthofthelaserdiodeinnanom灢
eters,R毸=I毸/P毸isthecalculatedreflectance,I毸isthe
peakrecordedintensityinarbitraryunitsandP毸isthe
measuredopticalpowerforeachspotgeneratedbythe
opticalstructure (Figure2).TheNormalizedDiffer
enceVegetationIndex(NDVI)definedbyEq.(2)is
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Figure6.暋(a)Spectralresponseoffourplantsandsoilusedforexperimentation;(b)averageslopevaluesforthefoursam灢
pleplants

usedtodiscriminatesoilsandgreenleaves:

NDVI=R785-R670

R785+R670
暋 . (3)

Thesteepslopeoftherededge (Figure1(b))
resultsinlargevaluesoftheNDVIforallgreen
plantsincomparisonwithsoilandotherobjects.

4.暋Resultsanddiscussion

Foursampleplantswereusedtotrialtheproof灢of灢
concept apparatus in the laboratory. These were
spathiphyllum,dianella,pelargoniumanddieffenbachia.
Ashouseplants,theywereselectedfortheirabilityto
surviveinanindoorenvironment.Eachplantwasfirst
characterizedwithavisible,nearinfraredcommerciallya灢
vailableCCDspectrometer.Thespectralresponseofeach
plant暞sleafisshowninFigure6(a).Thespecificwave灢
lengthsof635nm,670nmand785nmwerechosenfortwo
reasons.Firstly,thesignificantspectralslopesbetween
theplantsarewithintheregionsfrom550—675nmand
675—785nm.Secondly,laserdiodeswith wavelengths
withintheseregionsandtherequiredspecificationswere

commerciallyavailable.
TheslopesS1 andS2foreachplantweredeter灢

minedbyusingEqs(1-3).Theresultsinarbitrary
units(a.u)arepresentedinFigure6(b).Eachplant
differsinatleastoneslopevalue,makingitdistin灢
guishable.Standarddeviations[5]forobtainedresults
arepresentedinFigure7.Clearly,nosimultaneous
overlappingbetweentheslopesS1andS2ofthediffer灢
entplantsis exhibited, making the discrimination
betweenthevariousplantsfeasible.Thetotalerrorin
measurementsisduetothedarkcurrentoftheimage
sensorand,predominantly,theopticalpowerfluctua灢
tionoflaserdiodesintime.

Theperformanceoftheweedsensorwasalsotestedby
simulatingvehiclemovementwithleafsamplesmountedon
arotatingstage.Thistestwasconductedunderstaticcondi灢
tionsandataveragelinearvelocitiesof7and22km/h.All
calculatedvaluesofS1,S2andNDVI,whichareshownin
Figure8,arefor3cmwidespathiphyllumleavescovering4
laserbeamsatdistancesof58cm,69cmand80cmfromthe
weedsensor.Eachdatapointisanaverageover10meas灢
urementsforfourlaserbeamsilluminatingtheleaf.The
variabilityofthemeasurementswasmainlyduetofluctua灢
tionsintheresponseoftheimagesensorandopticalpower
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ofthelaserdiodesintime.
Resultsshowthatthereisnosignificantchangein

thecalculatedvaluesofS1,S2andNDVIforvariation
inthedistancetotheleafsampleorforsimulated
speedsof7km/hand22km/h.Consistencyovera
rangeofdistancesfromthesensorisachievedbycopla灢
naralignmentofthelasermodulesandtheimagesen灢
sor.Thecurrentsystemiscapableofconductingmeas灢
urementforleafsizeassmallas3cmat22km/h.

Replacingtheexistingcontrolsystemwithembedded
hardwarewouldreducethisminimumleafsizetoapproxi灢
mately6mmatvehiclespeedof36km/h.Previousstatic
results[6]showedthattheweedsensorisalsocapableof
limiteddiscriminationofgreenplants.Thesecapabilities
maketheweedsensorsuitableforplantdiscrimination
whenmountedonafarmingvehicle.

Improvingthediscriminationcapabilitiesoftheweed
sensorispossiblewiththeadditionoflasersatotherwave灢
lengths.Physicalspaceinthelasercombinationmodulelim灢
itsthenumberoflaserdiodeswhichcanbeaddedasdoes
thelinerateofthecamera.Uptofivelaserscouldbeused
whilemaintainingaminimumleafsizeof6mm.

Figure7.暋StandarddeviationofthemeanforslopesS1andS2

forthefoursampleplants

Figure8.暋 AveragevaluesofS1,S2 and NDVIforstatic,
7km/hand22km/h measurementsofspathiphyllum leafat
differentdistances.S1andS2areplottedagainsttheleftaxisand
NDVIagainsttherightaxis.Circle———58cm,filledtrian灢
gle———69cmandsquare———80cm

5.暋Futurework

Theabovedescribedphotonicweedsensorengine
hassofarbeendemonstratedforplantdiscrimination

andweedcontrolinthelaboratory.Tobeabletouse
thissystemincropfarmingfields,anewassemblyhas
beendesignedandisbeingdevelopedbyChinaDaheng
GroupPty.Ltd,takingintoaccounttheharshenviron灢
mentalconditionssuchas mechanicalvibrationsand
impacts,hightemperatureand humidityand dust.
Figure9showsrecentlydevelopedandpackagedlaser
moduleandimagesensor.Coarseandfinealignment
andlocking mechanismshaveespeciallybeenimple灢
mentedinordertoallowordinarytechnicianstoalign
andlockthesemodulesusingsimpletestprocedures.
Laserbeamoverlapping,opticalpowerequalisationand
laserbeamalignmentwiththelinearimagesensorare
beingtestedagainstimpacteffects,mechanicalvibra灢
tions,andtemperaturevariations.Preliminaryresults
showthatthesensorengineisremarkablyrobustand
reliableforplantdiscrimination and weed control.
Fieldtrialresultsforweedandcropdiscriminationwill
bereportedinaforthcomingarticle.

Figure9.暋 (a)Laser module with 栙635nm,栚670nm,
栛785nmlasersand 栜holderfortwolaserbeam combiners;
(b)Imagesensoremployingalinearopticalsensorarray

6.暋Conclusion

Aprototypethree灢wavebandphotonicweedsensor
engineforplantdiscriminationhasbeendevelopedand
demonstrated.Varioustypesofplantshavebeenillu灢
minatedwithanarrayofcollimatedlaserbeamsemit灢
tedthroughanopticalstructureintegratinglaserdi灢
odes,freespacecombinersandopticalcomponents.
Discriminationofgreen plantsfrom soiland other
greenandnon灢greenobjectsofspecificweedshasbeen
achievedbymeasuringtwospectralslopesdefinedby
threewavelengthsand NDVI.Bydesigningalaser
combination modulewhichaccommodatesmorelaser
diodesofdifferentwavelengths,amoredetailedoptical
signaturecanbederivedforaplantoraweed.

Operationofthesensoratsimulatedfarmingvehicle
speedsofupto22km/hhasshownthatitiscapableof
discriminationbetweensoiland green plantsatthese
speedsovervariousdistances.Futuredevelopmentwill
focusonthedevelopmentofrobustlasermodulesand
viablepackagingtoimprovetheprecisionoftheweed
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sensor,aswellastheimplementationofimprovedim灢
agesensorstofurtherenhancetheplantdiscrimination
capabilitiesofthecurrentprototypeweedsensor.
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